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Abstract
Target protein - magnetic nanoparticle (MNP) conjugates, i.e. α-glucosidase–MNP and protein
tyrosine phosphatase 1B (PTP1B)–MNP, were prepared and evaluated for the first time for
affinity extraction of the enzyme inhibitors from herbal extracts. Four ligands extracted from
granati pericarpium were identified by ESI-MS analysis. In vitro tests indicated that they inhibited
both α-glucosidase and PTP1B, two important target proteins for diabetic treatment.

Screening for ligands binding to therapeutic target proteins is an effective approach to
discover drug leads.1–3 High throughput screening (HTS) based on colorimetric or
fluorometric measurements on multiwell microplates is the most commonly used method for
screening of enzyme inhibitors.4–6 HTS works perfectly with large libraries of synthetic
compounds, but not applicable sometimes to assay complex samples such as herbal extracts
that may contain many UV-absorbing or fluorescent compounds.7–8 In addition, since herbal
medicines are characteristic of being complexes of many active constituents, identification
of the therapeutic agents becomes even more challenging.9–10 Studies on biological
fingerprinting of herbal medicines by using deliberately devised chromatographic
procedures were reported.11–12 Over the past years, search for enzyme inhibitors present in
medicinal plants has been one of the major interests in drug discovery and
development.13–14 To study these complex sample matrices, methods based on affinity
chromatography (LC), mass spectrometry (MS), and capillary electrophoresis (CE) are
used.15–17 However, these methods are normally either tedious/time-consuming or require
dedicated skills for sample pre-treatments.

Use of nanometer sized materials in biological studies provides new avenues to probe
biomolecular interactions.18 Functionalized magnetic nanoparticles (MNPs), in particular,
find wide applications not only in areas such as magnetic resonance imaging, drug delivery,
and biosensing, but also in biological and chemical separations due to the convenience of
magnetic solid-liquid separation.19–21 Based on the theory of ligand – protein interaction,
protein-MNP conjugates promise to be very useful for extraction of ligands from complex
sample matrices. Antibody conjugated MNPs were used for separation of target biomarkers
from human plasma.22 Human serum albumin (HSA) functionalized MNPs (HSA-MNPs)
were evaluated for ligand fishing from pharmaceutical formulations.23 Extraction of low
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levels of manose from serum samples by using Con-A –MNP conjugates was
demonstrated.24 We recently developed a facile protocol for isolation and identification of
active ingredients from herbal extracts by using HSA – MNP conjugates and electrospray
ionization-tandem MS (ESI-MS/MS).25–26 Although HSA, the most abundant protein in
blood plasma, plays a major role in transport and deposition of endogenous and exogenous
ligands, it’s not a therapeutic target protein.27 Therefore, the ligands identified using HSA-
MNP conjugates may have only limited significance in terms of therapeutic drug discovery.

Herein we demonstrate an effective strategy to identify enzyme inhibitors present in
complex matrices. It is based on affinity extraction of ligands using target protein – MNP
conjugates and ESI-MS analysis. Since the magnetic solid-liquid separation involved in the
extraction is very quick and easy to do, the identification process is simple and quick. Two
target proteins for anti-diabetic agents, α-glucosidase and protein tyrosine phosphatase 1B
(PTP1B) were studied as model proteins in this work. It’s well known that α-glucosidase
inhibitors such as acarbose, miglitol, and voglibose delay the absorption of carbohydrates
from the small intestine and thus lower the postprandial blood glucose and insulin
levels.28–29 PTP1B has been studied as another target for treating diabetes. It was reported
that inhibition on PTP1B specifically addressed insulin resistance, likely causing weight
loss.30–31 We prepared α-glucosidase – MNP and PTP1B – MNP conjugates. Affinity
extraction with the use of these conjugates coupled with ESI-MS analysis were evaluated for
screening inhibitors in the extract of granati pericarpium (GP, also named pomegranate peel,
pomegranate rind and pomegranate husk.). It’s documented that pomegranate’s health
benefits include anticancer,32 antibacterial,33 antidiarrhoeal,34 antifungal 35 and
antioxidant.36–37 It was also shown that pomegranate extract inhibited α-glucosidase
activity in vitro 38 and administration of 200 mg/Kg of pomegranate extract normalized all
the diabetes mellitus changes induced by alloxan in vivo. 39 However, identities of the anti-
diabetic agents in pomegranate remain so far unknown. Since herbal medicines as usual are
complexes of many active constituents, identification of the therapeutic agents has been
difficult. From ligand – protein interaction theory, affinity extraction with target protein –
MNPs promises a convenient and selective isolation of these agents from complex matrices.
To the best of our knowledge, there has been no report on screening and identification of
natural enzyme inhibitors using a target protein-MNP conjugate based affinity extraction
and ESI-MS/MS approach.

In order to prepare highly stable and active target protein-MNP conjugates, covalent
bonding between a protein molecule and a MNP via a coupling agent was investigated. First,
a conventional alcohol-based silanization protocol with APTMS was carried out to prepare
amine-terminated MNPs. These MNPs were then activated with glutaraldehyde that served
as the cross linker and spacer. A protein solution (5 mg/mL) was mixed with the activated
MNPs. The solution was incubated for 24 hrs to accomplish protein-MNP conjugation. The
coupling yield was estimated to be ~90% by comparing the UV absorption of the solution
before and after the coupling reaction. Enzymatic activity of the prepared α-glucosidase –
MNP conjugate was assessed by investigating its binding capability towards voglibose, a
known inhibitor of α-glucosidase. The experimental procedure is illustrated in Fig. 1.
Affinity extraction was carried out by mixing 1 mL voglibose solution (20 μg/mL) with 100
μL α-glucosidase – MNP suspension. After 5 min incubation on a shaker, the MNPs were
collected by magnetic separation and washed three times with the ammonium acetate buffer
to avoid non-specific adsorption. Ligands bound to α-glucosidase – MNPs were eluted with
buffer containing 50% ACN. The eluent was then analyzed by ESI-MS to determine
voglibose. It was found that extraction of voglibose with α-glucosidase-MNPs was
effective. The extraction recovery of voglibose was estimated to be 82 ± 2.7% from the peak
heights in ESI-MS spectra (n = 5). These results indicated the enzyme remained active after
conjugation with MNP. Since the magnetic separation was very quick and easy to perform,
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it took about 10 min to complete the identification procedure. α-Glucosidase – MNPs were
stored in a storing buffer at 4 °C. After 2 months in storage, the enzymatic activity of the
conjugate remained >90% as assessed from the extraction efficiency.

Isolation and identification of enzyme inhibitors from GP extract were carried out using both
α-glucosidase – MNP and PTP1B – MNP conjugates coupled with ESI-MS/MS analysis.

Although anti-diabetic health benefits of pomegranate extract is documented,38–39

identification of the therapeutic agents has been a challenge because many bioactive
constituents are present in the extract. However, from the ligand-receptor theory, affinity
extraction with the use of target protein–MNP conjugates may offer a convenient and
effective approach to tackle this problem. The ESI-MS spectra from analysis of GP extract
with α-glucosidase – MNPs and PTP1B – MNPs are shown in Fig. 2A and 2B, respectively.
It was noticed that the spectra were very similar for three GP extracts separately prepared on
different days. In the extract many ingredients were found to bind to α-glucosidase – MNPs.
These compounds were, therefore, isolated from the extract matrix by affinity extraction and
detected by ESI-MS, resulting in a complex MS spectrum (Fig. 2A). Among the numerous
ions appearing in the spectrum, four ions, i.e. m/z 301, 601, 781, and 1083 matched the
molecular masses of [M-H]-for ellagic acid, gallagic acid, punicalin, and punicalagin,
respectively (see Fig. 3 for the chemical structures of these compounds). The chemical
structures were further verified by MS/MS (the MS/MS spectra are shown in Fig. S2).
Affinity extraction-based screening assay of GP extract was also carried out with PTP1B-
MNPs. The ESI-MS spectrum obtained is shown in Fig. 2B. To our surprise, the four
compounds were again extracted out from the matrix. It can be seen by comparing Fig 2A
with 2B that the fewer ligands binding to PTP1B –MNPs compared with those binding to α-
glucosidase – MNPs. It’s worth noting that all the four ligands have a common structural
unit (marked bold in Fig. 3). These results indicated that the binding cavities of α-
glucosidase and PTP1B possess similar structural binding features, which is very
informative for design of potential inhibitors for these enzymes. It’s also worth noting that
according to the results obtained from this work this group of active ingredients present in
GP extract act on both of the target proteins for treating diabetes, i.e. α-glucosidase and
PTP1B, which might produce combined anti-diabetic health effects.

Enzyme inhibitory activity of the ligands identified was investigated using in vitro
incubation models. Since ellagic acid was the most abundant ligand binding to both α-
glucosidase and PTP1B in GP extract, it was chosen for the test. Although the inhibitory
effects of ellagic acid on PTP1B were studied, 40 there has been no report on its effects on
α-glucosidase. The maltose-α-glucosidase model was used to study the inhibitory effects of
ellagic acid on α-glucosidase, and its effects on PTP1B were investigated using the 4-
nitrophenyl phosphate disodium salt (PNPP)-PTP1B model. Voglibose and sodium
orthovanadate were used as positive controls for α-glucosidase and PTP1B models,
respectively. It was found that ellagic acid at 10 μg/mL showed 28 ± 3.1% inhibition versus
63 ± 1.4% by voglibose at 100 μg/mL on α-glucosidase (Table 1). These results were
comparable to those reported previously for derivatives of ellagic acid.41 The inhibitory
effect of ellagic acid on PTP1B was also found very strong. At a concentration of 10 μg/mL
it showed an inhibition of 66 ± 2.2% which was much stronger than that from sodium
orthovanadate at a similar concentration.

In summary, it is herein shown that screening assay based on affinity extraction with the use
of therapeutic target protein-MNP conjugates and ESI-MS/MS analysis serves as a rapid and
reliable platform for discovering enzyme inhibitors in natural products. Two target protein-
MNP conjugates, i.e. α-glucosidase-MNP and PTP1B-MNP, were tested for identify anti-
diabetic active compounds in granati pericarpium extract. Four ligands binding to both α-
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glucosidase-MNP and PTP1B-MNP, were identified as ellagic acid, gallagic acid, punicalin,
and punicalagin by ESI-MS/MS. In vitro incubation tests revealed that ellagic acid exhibited
strong inhibition not only on α-glucosidase, but also on PTP1B. Since GP extract contains
multiple ligands that act on multiple therapeutic target proteins, i.e. α-glucosidase and
PTP1B, it might have combined anti-diabetic health effects, which obviously needs further
investigation.
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Fig. 1.
Schematic illustration of target protein-MNP based affinity extraction coupled with ESI-MS/
MS for identification of enzyme inhibitors in complex matrices.
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Fig. 2.
ESI-MS spectra (in negative ion mode) of 50% ACN eluent from α-glucosidase-MNPs (A)
and PTP1B-MNPs (B) after extraction. Peak identifications: 1, ellagic acid; 2, gallagic acid;
3, punicalin; 4, punicalagin.
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Fig. 3.
Chemical structures of ellagic acid (compound 1), gallagic acid (compound 2), punicalin
(compound 3), and punicalagin (compound 4).

Qing et al. Page 8

Anal Methods. Author manuscript; available in PMC 2013 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Qing et al. Page 9

Table 1

In vitro tests on inhibitory activity

Model Test Compound Concentration (μg/mL) Inhibition (%)

α-glucosidase Ellagic acid 10 27.83

α-glucosidase Voglibose[a] 100 62.69

PTP1B Ellagic acid 10 66.21

PTP1B Soduim orthovanadate[a] 100 100.52

[a]
Positive control
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